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ABSTRACT
We investigate the stellar kinematics of the bulge and disk components in 826 galaxies
with a wide range of morphology from the Sydney-AAO Multi-object Integral-field
spectroscopy (SAMI) Galaxy Survey. The spatially-resolved rotation velocity (V ) and
velocity dispersion (σ) of bulge and disk components have been simultaneously esti-
mated using the penalized pixel fitting (pPXF) method with photometrically defined
weights for the two components. We introduce a new subroutine of pPXF for dealing
with degeneracy in the solutions. We show that the V and σ distributions in each
galaxy can be reconstructed using the kinematics and weights of the bulge and disk
components. The combination of two distinct components provides a consistent de-
scription of the major kinematic features of galaxies over a wide range of morphological
types. We present Tully-Fisher and Faber-Jackson relations showing that the galaxy
stellar mass scales with both V and σ for both components of all galaxy types. We
find a tight Faber-Jackson relation even for the disk component. We show that the
bulge and disk components are kinematically distinct: (1) the two components show
scaling relations with similar slopes, but different intercepts; (2) the spin parameter λR
indicates bulges are pressure-dominated systems and disks are supported by rotation;
(3) the bulge and disk components have, respectively, low and high values in intrinsic
ellipticity. Our findings suggest that the relative contributions of the two components
explain, at least to first order, the complex kinematic behaviour of galaxies.
Key words: galaxies: kinematics and dynamics – galaxies: fundamental parameters –
galaxies: formation – galaxies: evolution – galaxies: stellar content – galaxies: structure
? E-mail: sree.oh@anu.edu.au
1 INTRODUCTION
Integral field spectroscopy (IFS) enables precise measure-
ments of the angular momentum of galaxies. Recent studies
c© 2019 RAS
ar
X
iv
:2
00
5.
06
47
4v
1 
 [a
str
o-
ph
.G
A]
  1
3 M
ay
 20
20
2 S. Oh et al.
from IFS surveys have reported that galaxies show a wide
range of kinematic properties that are known to be related
to other observable quantities such as mass, morphology,
population, and environment (e.g. Cappellari et al. 2007;
Emsellem et al. 2007, 2011; Krajnovic´ et al. 2013; Brough
et al. 2017; van de Sande et al. 2017b; Graham et al. 2018,
2019; Falco´n-Barroso et al. 2019). As is well established by
the parametric fitting of surface brightness, many galaxies
can be characterised by two distinct components, classically
termed bulges and disks. They are also expected to have
different kinematic signatures, reflecting the complex distri-
bution of stellar orbits and angular momentum in galaxies.
The stellar kinematic properties of galaxies (rotation
velocity and velocity dispersion) scale with stellar mass,
which represents the proportionality of the stellar and dy-
namical masses. This is reflected in the Faber-Jackson re-
lation between luminosity and velocity dispersion (Faber &
Jackson 1976) and the Tully-Fisher relation between lumi-
nosity and rotation velocity (Tully & Fisher 1977). How-
ever, both scaling relations are normally considered to ap-
ply to specific types of galaxies: the Faber-Jackson re-
lation applies to early-type (pressure-supported) galaxies,
while the Tully-Fisher relation applies to late-type (rotation-
supported) galaxies. Combining measurements of the rota-
tion velocity and velocity dispersion for each galaxy is one
promising approach to a unified scaling relation addressing
the kinematics of all types of galaxies (e.g. Weiner et al.
2006; Kassin et al. 2007; Cortese et al. 2014; Simons et al.
2015; Straatman et al. 2017; Aquino-Ort´iz et al. 2018; Barat
et al. 2019). Another approach to encompassing all types of
galaxies in scaling relations is decomposing the kinematics
of (pressure-supported) bulge and (rotation-supported) disk
components. Early-type galaxies are bulge-dominated, and
so the velocity dispersion of the bulge component drives the
Faber-Jackson relation; in contrast, late-type galaxies are
disk-dominated, and so the rotation velocity of the disk com-
ponent drives the Tully-Fisher relation.
Photometric structure measurements can be combined
with integral field spectroscopy (IFS) to spectroscopically
decompose bulge and disk components and explore their
individual kinematic properties and stellar populations, as
well as the ways the two components determine overall
galaxy properties such as the distribution of angular mo-
mentum. Such spectroscopic decomposition was employed
with long-slit observations to estimate the age and metal-
licity of 21 lenticular galaxies in the Virgo cluster (John-
ston et al. 2014). Johnston et al. (2017) applied a similar
method to the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA; Bundy et al. 2015) IFS data, de-
composing the two components using image slices at each
wavelength. They then constructed bulge and disk spectra
using the flux weights at each wavelength and presented the
stellar populations of two galaxies measured with the Lick
system (Burstein et al. 1984; Faber et al. 1985). Catala´n-
Torrecilla et al. (2017) and Me´ndez-Abreu et al. (2017, 2019)
also applied a spectro-photometric decomposition to three
galaxies from the Calar Alto Legacy Integral Field Area sur-
vey (CALIFA; Sa´nchez et al. 2012). Tabor et al. (2017) in-
troduced simultaneous spectral fitting of the two compo-
nents using the penalized pixel fitting code (pPXF; Cap-
pellari & Emsellem 2004; Cappellari 2017) and applied this
to three lenticular galaxies from the CALIFA survey and
subsequently to 302 early-type galaxies from the MaNGA
survey; the population and kinematics of the two compo-
nents have been presented in Tabor et al. (2019). Coccato
et al. (2011, 2018) also performed full spectral fitting to de-
compose NGC 5719 and NGC 3521 using the pPXF and
the maximum penalized likelihood method (Gebhardt et al.
2000; Fabricius et al. 2014).
Although there have been several methods developed
for spectroscopic decomposition, they have so far mostly
been applied to a handful of galaxies having a specific type
(e.g. lenticulars), with a focus on the stellar populations of
two components. Because lenticular galaxies are well de-
scribed by two components without introducing complex
morphological features (e.g. bars, spiral arms, and rings),
they serve as ideal testbeds for spectroscopic decomposi-
tion. Tabor et al. (2019) is the only study to date that has
applied spectroscopic decomposition to a large sample and
also addressed the kinematics of the two components. They
measured the stellar angular momentum j∗ and found that
bulge and disk components display distinct rotation prop-
erties. However, Tabor et al. (2019) only studied early-type
galaxies, leaving open a comprehensive view of the kinemat-
ics of the bulge and disk components for galaxies of all types.
In this paper we investigate the kinematics of bulge
and disk components for galaxies with a wide range of mor-
phological types using data from the SAMI Galaxy Survey
(Croom et al. 2012; Bryant et al. 2015; Green et al. 2018;
Scott et al. 2018). We explore the Tully-Fisher and Faber-
Jackson relations for the two components and discuss the
reconstruction of the overall galaxy kinematics using the de-
composed kinematics of the bulge and disk components.
The paper is organised as follows. Section 2 introduces
the SAMI survey data. Section 3 describes the spectro-
scopic decomposition of the bulge and disk kinematics using
pPXF with component weights from photometric fits and
physically-motivated model constraints (including a new
pPXF subroutine to deal with degeneracy in the solutions).
In Section 4, we describe the application of this method to
the SAMI data and sample. We present results on the stellar
kinematics of the bulge and disk components, their scaling
relations, and their spin parameters in Section 5. In Sec-
tion 6, we discuss what determines the kinematics of galax-
ies and summarise our conclusions in Section 7. Throughout
the paper, we assume a standard ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s
−1 Mpc−1.
2 THE SAMI GALAXY SURVEY
SAMI (Croom et al. 2012) is a multi-object fibre-integral-
field system feeding the AAOmega spectrograph (Sharp
et al. 2006) on the 3.9-metre Anglo-Australian Telescope.
The 13 15′′-diameter hexabundles, each composed of 61
1.6′′-diameter optical fibres, patrol a 1◦-diameter field of
view (Bland-Hawthorn et al. 2011; Bryant et al. 2011, 2014).
The SAMI survey uses AAOmega’s 581V and 1000R grat-
ings in the blue (3750–5750 A˚) and red (6300–7400 A˚) arms
of the spectrograph, giving spectral resolutions of R=1808
and R=4304 respectively (van de Sande et al. 2017b).
The SAMI Galaxy Survey (Bryant et al. 2015) includes
2964 unique galaxies at redshifts 0.04 < z < 0.095; 2083
are from the Galaxy And Mass Assembly (GAMA) G09,
c© 2019 RAS, MNRAS 000, 1–21
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Figure 1. An example of spectroscopic decomposition using
pPXF. The upper panel shows the observed spectrum (black),
the decomposed bulge (red) and disk (blue) spectra, and the
reconstructed total spectrum model (orange). The lower panel
shows the relative residuals of the fit between the observed and
model spectra, which become larger at lower wavelengths due to
decreasing signal-to-noise at the blue end of the spectrum. The
grey shaded area indicate the initial masking of emission lines and
the gap between the blue and red spectra.
G12, and G15 regions (Driver et al. 2011), while 881 lie
within the virial radius of eight rich clusters (Owers et al.
2017). A series of volume-limited samples with increasing
stellar mass limits at increasing redshift has been used for
the SAMI-GAMA sample (Bryant et al. 2012, Figure 4). The
stellar masses (M∗/M) have been derived from the i-band
magnitudes and g−i colours (Taylor et al. 2011). The SAMI-
cluster sample uses two mass limits of logM∗/M > 9.5 and
logM∗/M > 10 for galaxies in the clusters at z 6 0.045 and
0.045 < z 6 0.06 respectively. SAMI typically covers one to
two effective radii of the sample galaxies; more than 75% of
the sample galaxies are available to measure kinematics out
to one effective radius (See Figure 1 of van de Sande et al.
2017a).
The data reduction pipeline is described in Sharp et al.
(2015) and Allen et al. (2015). The pipeline has been subse-
quently updated, and the current data reduction and data
quality are presented in Scott et al. (2018). Twelve team
members have visually determined the galaxy morphology
of the SAMI galaxies following the scheme in Kelvin et al.
(2014) and using the colour-composite images from the
Sloan Digital Sky Survey (SDSS; York et al. 2000) Data
Release 9 (Ahn et al. 2012) and the VST ATLAS survey
(Shanks et al. 2013), respectively, for the SAMI-GAMA and
SAMI-cluster samples. The galaxies are classified into four
main groups: ellipticals (E), lenticulars (S0), early spirals
(SE), and late spirals (SL); see Cortese et al. (2016) for more
details on the SAMI visual morphology classifications.
3 DECOMPOSING BULGE AND DISK
KINEMATICS
We decompose the rotation velocities and velocity disper-
sions of galaxies into their spatially resolved disk and bulge
components. This involves a series of steps, summarised
here, and described in detail in the following subsections.
The key steps are setting photometric constraints, perform-
ing spectroscopic decomposition using the pPXF method
with a new subroutine for physically-motivated solutions,
and testing the method.
3.1 Photometric bulge-disk decomposition
Photometric bulge-disk decomposition has been performed
using the r-band images from the Kilo-Degree Survey
(KiDS; de Jong et al. 2017) for the SAMI-GAMA sample
(S. Casura et al., in preparation) and from the Sloan Digital
Sky Survey (SDSS) for the SAMI-cluster sample (S. Barsanti
et al., in preparation). The analysis employed ProFit, a rou-
tine for Bayesian two-dimensional galaxy profile modelling
(Robotham et al. 2017). Free Se´rsic and exponential pro-
files have been used for bulge and disk components respec-
tively. The effective radius (Re), ellipticity (), and position
angle (PA) of galaxies are determined based on a single-
component Se´rsic fit using the same photometric images.
The two-dimensional flux models from the photometric de-
composition are convolved with a kernel to match the point
spread function (PSF) of the SAMI reconstructed images
and rebinned to have the same pixel scale as the SAMI cubes
(0.5′′). Finally, we estimated the bulge-to-total light ratio for
each SAMI spaxel as the ratio between the bulge model flux
and the total flux, which is used as a relative flux constraint
in the spectral bulge-disk decomposition in Section 3.2. We
take the overall luminosity fraction of the bulge component
(B/T) measured from the entire light profile as a proxy for
galaxy type. The luminosity fraction of the bulge measured
within 1Re (B/Te) is used to reconstruct the observed kine-
matics in Section 6.1.
3.2 Spectral bulge-disk decomposition
We use the pPXF method—a routine for full spectral
fitting—to extract the rotation velocity (V ) and velocity
dispersion (σ) of both the bulge and disk components. The
fraction keyword of pPXF allows simultaneous estimation
of two distinct kinematic components (such as a bulge and
a disk) with a constraint on the relative weights of the two
components
fbulge =
∑
wbulge∑
wbulge +
∑
wdisk
, (1)
where wbulge and wdisk are the sum of the weights for the
templates used for each component. The linear least-squares
sub-problem with an exact linear equality constraint (Equa-
tion 1) can be simplified by adding the following extra equa-
tion requiring only minimal changes to the pPXF algorithm:
(fbulge − 1)
∑
wbulge + fbulge
∑
wdisk 6 ∆, (2)
where ∆ regulates the precision required to satisfy Equa-
tion 2 and is set to a small number (e.g. 10−9). Both the
stellar template spectra and the galaxy spectrum have been
c© 2019 RAS, MNRAS 000, 1–21
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Figure 2. The pPXF solutions for various initial parameter estimates (a) without and (b) with the swapping method. The true kinematic
solution for the simulated spectrum is shown in the top label. The background has been coloured by the reduced χ2 from the pPXF runs
with the fixed velocities. We selected 15 initial guesses (asterisks) and followed the trajectory to the final solutions (diamonds). When the
swapping routine is turned off, pPXF sometimes generates the solution based on the local minimum of the χ2 where |Vbulge| > |Vdisk|.
The swapping routine forces pPXF to find the global minimum in χ2, and therefore the true solution.
normalised to have a mean flux of order unity to satisfy the
equality constraint to sufficient numerical accuracy. Figure 1
presents an example of the spectral decomposition of bulge
and disk components using pPXF. The details for the fea-
ture of fraction keyword are well introduced in Cappellari
(2017) and Tabor et al. (2017). The photometrically-defined
weights of the two components have been used as the con-
straint in the spectroscopic decomposition (Section 3.1).
The pPXF method sometimes yields solutions where
bulge and disk kinematics appear to be swapped with each
other, a known issue of simultaneously fitting two compo-
nents. The presence of multiple minima in the χ2 landscape
sometimes traps the minimisation algorithm in a local mini-
mum (i.e. a ‘swapped’ solution). The near-degeneracy of the
χ2 for this model and the corresponding features of pPXF
solutions are also described in Figure 4 of Tabor et al. (2017).
These local minimum solutions are typically unphysical, in
the sense that they imply the bulge rotation velocity is larger
than the disk rotation velocity, |Vbulge| > |Vdisk|, and the
bulge velocity dispersion is smaller than the disk velocity dis-
persion, σbulge < σdisk. This suggests the need for physically-
motivated constraints to resolve this near-degeneracy in the
models.
Tabor et al. (2017, 2019) introduced a method perform-
ing decomposition 25 times for each spectrum across a 5 by
5 grid of bulge and disk velocities ranging from -350 to 350
km s−1 to find the global minimum of the χ2. The method is
expected to be efficient in most circumstances, but we found
a few exceptions. First, the grid method is not effective to
differentiate the global and local minima when velocities of
two components are close to each other, and two minima
may even lie within the same bin on a grid with a size of
140 km s−1. Second, two minima have the same χ2 values
in theory when two components have the same weights of
0.5. Considering the moderate S/N of the current IFS data,
the global minimum might not indicate the true kinematic
solution, especially when the weights of two components are
comparable to each other (i.e. B/T∼ 0.5).
We therefore introduce a swapping routine to overcome
the degeneracy resulting from two similar local χ2 minima.
This routine is activated when
σbulge + σerror < σdisk, (3)
where σerror is the error in σ from a single-component pPXF
fit. The swapping routine uses the bounded-variable least
squares (BVLS; Lawson & Hanson 1974) algorithm, which
limits the solution within the boundary condition. First, the
V and σ of the two components are swapped before starting
the main BVLS loop. Then the boundary condition, which
is active only within the routine, is set as follows:
|Vbulge| < |Vbulge,old|
σbulge > σbulge,old
σdisk < σdisk,old
 (4)
where Vbulge,old, σbulge,old, and σdisk,old are the solutions for
bulge velocity, bulge velocity dispersion, and disk velocity
dispersion, respectively, before the swap. It is more difficult
to estimate the kinematics for a component with low signal-
to-noise (S/N), so the V and σ of the component with higher
S/N are initially set to be bounded variables for solving
within the boundary condition (Equation 4) while the V and
σ of the other component are fixed. The S/N of the two com-
ponents are estimated as B/T×S/N and (1-B/T)× S/N for
bulge and disk components respectively. The previous steps
make this a simple BVLS problem with a boundary condi-
tion and fixed and bounded variables. The BVLS main loop
returns the bounded solution to the main solver of pPXF
for further progress.
c© 2019 RAS, MNRAS 000, 1–21
The SAMI Galaxy Survey: Decomposed Stellar Kinematics of Galaxy Bulges and Disks 5
Figure 3. The 28 sets of input parameters for the bulge (red)
and disk (blue) kinematic models used to generate mock spectra;
the paired bulge and disk parameters are linked by the solid lines.
If the routine is called 50 times, then pPXF stops calling
the routine even if the solution still meets the swapping con-
dition given in equation 3 and generates the solution without
using the routine. We randomly selected 150 SAMI galaxies
which include 58997 spectra with S/N greater than 3 A˚−1
and found that the swapping routine has been called 50
times on 360 spectra (∼ 0.6%). To reduce unnecessary iter-
ations, the routine is also not activated when σbulge or σdisk
is greater than 600 km s−1, which happens on 7293 out of
58997 spectra from the 150 randomly selected SAMI galax-
ies. The swapping routine does not apply a hard constraint
on the kinematics, unlike the bound keyword of pPXF, but
re-initialises the input guesses by swapping the kinematics
of the two components.
Figure 2 shows an example χ2 distribution for a model
spectrum when fitting two components (see also Figure 4
of Tabor et al. 2017). We ran pPXF multiple times to ex-
tract the reduced χ2 for each grid point. Then we ran pPXF
for the same model allowing a free estimation of kinemat-
ics with various combinations of input velocities (asterisks);
the true velocity dispersions were used as initial guesses for
simplicity. We present the trajectory to the final solution
(diamonds) to test the difference between turning the swap-
ping routine on and off. The solution from pPXF is sensitive
to initial guesses without the swapping routine (left panel);
pPXF sometimes returns a solution based on the local χ2
minimum where |Vbulge| > |Vdisk| and σbulge < σdisk (i.e. a
‘swapped solution’). On the other hand, when the swapping
routine is turned on (right panel), pPXF is prevented from
falling into the local minimum and fits the correct solution
regardless of the initial guess for the rotation velocity.
3.3 Testing the method
We have generated 980 mock spectra with various input
kinematics, B/T, and S/N in order to test the method de-
scribed in the previous section. We adopted 12 Gyr and
1 Gyr model spectra from the MILES single stellar popu-
lation models (Vazdekis et al. 2010) for the bulge and disk
components respectively. Two model spectra are shifted and
Figure 4. The difference between the true velocities (Vtrue) and
the estimated solution from the pPXF (Vppxf) using three dif-
ferent initial guesses: (a) initial guesses randomly chosen within
±30 km s−1 of the true kinematics; (b) initial guesses randomly
chosen within −200 < V < 200 km s−1 and 0 < σ < 250 km s−1;
and (c) the swapped initial guesses, where the true kinematics of
the disk components have been used for the initial guesses of the
bulge components, and vice versa. For good initial guesses, pPXF
finds the true solution regardless of the use of the swapping rou-
tine. However, without the swapping routine, pPXF sometimes
fails to find the true solution when the initial guesses are signifi-
cantly different from the true solution.
convolved to yield the specified input kinematics (Figure 3),
and then the two components are weighted and summed ac-
cording to the specified B/T ratio (in the range 0.1 to 0.9).
Noise is then added to explore the dependence on S/N in
the range 10 to 50 A˚−1.
We then ran pPXF on the mock spectrum to test the
swapping routine for three initial guesses: initial guesses ran-
domly chosen within ±30 km s−1 of the input kinematics;
initial guesses randomly chosen in the ranges −200 < V <
200 km s−1 and 0 < σ < 250 km s−1 for both components;
and swapped initial guesses, where the true parameters of
the disk kinematics are used as the initial guesses for the
bulge kinematics, and vice versa.
Figure 4 shows the comparison between the true veloci-
c© 2019 RAS, MNRAS 000, 1–21
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ties (Vtrue) and the outputs from the pPXF (Vppxf) with and
without the swapping routine. When the input guesses are
close enough to the true solution (Figure 4(a)), the swap-
ping routine is mostly not activated, and both algorithms
generate similar results. The result also shows that the er-
ror of the pPXF solution is highly dependent on the S/N of
each component (S/Ncomp), calculated by multiplying the
S/N by the weight of each component. Note that the error
in the kinematics of each component correlates more tightly
with S/Ncomp than the overall S/N of the spectrum. When
using the random initial guesses (Figure 4(b)), pPXF starts
to show a significant error for some cases when the swap-
ping routine is not used, whereas with the swapping routine
it generates similar results as in case (a). When the wrong
initial guesses are used (Figure 4(c)), pPXF fails to estimate
the true solution without the swapping routine even for the
high S/N spectra. Although we only present the results for
the rotation velocity here, we found the same results for the
velocity dispersion. For observed spectra, there is no guar-
antee that the input guess will be close enough to the true
solution to give a good outcome. In decomposing the bulge
and disk kinematics it is therefore essential to break the de-
pendence of the solution on the input guesses by using the
swapping routine.
We have tested the bias in the kinematics due to the
swapping routine and its constraint on σ. We chose one
template from the MILES stellar population synthesis mod-
els. This single spectrum is shifted and convolved to have
a rotation velocity of 100 km s−1 and a velocity dispersion
of 100 km s−1. We then generated 1350 spectra by adding
random noise to make the S/N in the range 10 to 30 A˚−1.
We tried to decompose these single-population and single-
kinematics spectra assuming they are composed of two com-
ponents with B/T ratio in the range 0.1 to 0.9. Both com-
ponents are estimated to have similar kinematics with small
bias. The median rotation velocities of bulge and disk com-
ponents are, respectively, 98 and 101 km s−1 with a stan-
dard deviation of 8 km s−1. The median velocity dispersions
of bulge and disk components are, respectively, 102 and
98 km s−1 with a standard deviation of 3 km s−1. Therefore,
we conclude that the swapping routine does not artificially
generate kinematical distinctness (i.e. pressure-supported
bulges and rotation-supported disks).
4 APPLICATION
4.1 Application to SAMI data
We used SAMI internal data release v0.11 data cubes (Scott
et al. 2018). We have combined spectra from both the blue
and red arms of SAMI. The red spectra have been broadened
to have the same instrumental resolution as the blue spectra
(2.65 A˚) before combining them. The combined spectra have
then been de-redshifted by applying (1 + z)−1 and rebinned
on to a logarithmic wavelength scale with 57.9 km s−1 spac-
ing using the LOG REBIN routine provided by the pPXF
package.
The MILES stellar library (Sa´nchez-Bla´zquez et al.
2006), consisting of 985 stellar spectra, has been used to
provide templates for the full-spectral fitting. The template
spectra, with a resolution of 2.5 A˚, have been convolved to
Figure 5. Example two-dimensional flux and kinematic maps.
The first column shows the flux model from the photometric de-
composition. The other three columns present, respectively, the
flux, rotation velocity and velocity dispersions provided by the
SAMI kinematic maps. Note that for each component we only
show SAMI spaxels whose S/N is greater than 3 A˚−1. More ex-
amples can be found in Appendix A.
the same resolution as the SAMI spectra (2.65 A˚). The tem-
plates are also normalised to maintain a mean flux of approx-
imately unity, which is necessary for applying Equations 1
and 2. To extract the optimal template for each spaxel, we
first generated three to five binned spectra from elliptical an-
nuli following the light distribution of the galaxy constructed
so that the S/N of each binned spectrum is at least 25 A˚−1.
Annular binned spectra easily achieve our S/N requirement
(25 A˚−1), while also accounting for strong radial gradients
in stellar populations. The shape of annular bins is more
regularised according to the radial light profile than that of
Voronoi bins (Cappellari & Copin 2003), and therefore can
generate more representative templates to describe radial
gradients in stellar population. See Scott et al. (2018) and
van de Sande et al. (2017b) for more details on the spaxel
binning scheme of SAMI. Then, we extracted the best-fit
model spectra for each annulus from pPXF using the stellar
templates.
Using just the best-fit model spectra for these high-
S/N annular spectra reduces the mismatch in templates for
individual spaxels with low S/N. We have tested different
combinations of the annular templates for bulge and disk
components and found the lowest mean reduced χ2 when we
use all the annular model spectra for the disk components
and all the annular model spectra plus an additional tem-
plate from the central spectra measured with a 2′′-diameter
aperture for the bulge components.
We used a 12th-order additive Legendre polynomial to
reduce the impact of template mismatches on the measure-
ment of kinematics (see Appendix A.4 in van de Sande et al.
2017b for more details on the choice of the order of this poly-
nomial). We fit a Gaussian line-of-sight velocity distribution
(LOSVD) to extract the rotation velocity and velocity dis-
persion. We applied an additional boundary condition of
σdisk < σgalaxy + σerror,galaxy, where σgalaxy and σerror,galaxy
c© 2019 RAS, MNRAS 000, 1–21
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have been obtained from a pPXF run with a single com-
ponent, which reduces the computing time and failure to
converge. The pPXF run with a single component followed
the steps described in van de Sande et al. (2017b). For fit-
ting two components we set the fraction keyword to be
active and used the bulge fraction on each spaxel from the
photometric bulge-disk decomposition.
For each spaxel spectrum, we ran pPXF three times to
obtain a better estimate of the input noise and determine
which spectral pixels to include. First, we ran pPXF with
uniform noise and ‘good’ pixels defined by initial masking of
emission lines and the gap between the blue and red spectra
(Figure 1). We then estimate the noise as the scaling of the
original noise from SAMI using a ratio between the mean
rms of the original noise and the mean rms of the residu-
als between the spectrum and the best fit. The second run
was performed with the updated noise while activating the
CLEAN keyword, which removes outliers using 3σ-clipping
and updates the ‘good’ pixels. The improved noise estimate
from the first and second runs and the updated good pixels
from the second run were then used for the final pPXF run.
Figure 5 shows an example of the two-dimensional kine-
matic maps for the whole galaxy and for the bulge and disk
components. We only show spaxels whose continuum S/N is
greater than 3 A˚−1, with the S/N of bulge and disk compo-
nents defined, respectively, as (S/N)bulge = (B/T)×(S/N)
and (S/N)disk = (1−B/T)×(S/N). Note that S/N is mea-
sured over the wavelength range 4500–7000 A˚. The bulge
component map shows relatively little rotation but high ve-
locity dispersions. The disk component map shows rotation
velocities similar to the galaxy as a whole but lower velocity
dispersions. More kinematics maps for various galaxy types
can be found in Appendix A.
4.2 Samples
Below the spectrograph instrumental resolution, the pre-
cision and accuracy of stellar velocity dispersion measure-
ments at fixed S/N decreases rapidly with decreasing ve-
locity dispersion. The instrumental resolution of SAMI is
∼70 km s−1 for the blue spectra, from which the stellar veloc-
ity dispersions are measured. This corresponds to ∼109.5 M
according to the stellar mass–velocity dispersion relation
(Barat et al. 2019). We therefore selected the 2169 galax-
ies with total stellar mass greater than 109.5 M from the
full sample of 2964 SAMI galaxies. The output from the
photometric bulge-disk decomposition is available for 1400
galaxies (see Section 3.1); 288 cluster galaxies in the south-
ern hemisphere are missing due to the lack of SDSS imag-
ing, and an additional 481 galaxies are excluded because
either their bulge component is unresolved or their fit is ill-
constrained. We do not find a bias in morphology (or B/T)
for those 769 galaxies excluded from the sample. To reduce
the effect of seeing, we excluded 66 galaxies whose galaxy Re
is smaller than 1.5 times the PSF half width half maximum
(HWHM), which for the SAMI sample ranges is 1–1.5′′. Ad-
ditionally, we excluded 508 galaxies because more than 30%
of spaxels within the galaxy Re have S/Nbulge and S/Ndisk
less than 3 A˚−1. This results in a final sample of 826 galax-
ies, of which 527 and 581 are available for measuring bulge
and disk kinematics (respectively) because more than 70%
of spaxels within the galaxy Re have S/Nbulge and S/Ndisk
Figure 6. The distribution of the total stellar mass (M∗), bulge-
to-total ratio (B/T), ellipticity (), and effective radius (Re) for
the 826 galaxies in our sample. The distribution in B/T is nearly
uniform, suggesting our sample includes similar numbers of a wide
range of galaxy types.
greater than 3 A˚−1; 282 galaxies have kinematics available
for both components. Note that the kinematics of the bulge
and disk components have been measured using spectro-
scopic decomposition even if one component is ultimately
excluded from the sample due to low S/N. Raising our S/N
threshold to 7 A˚−1 instead of 3 A˚−1, which reduces the sam-
ple size by 55%, has minimal impact on our results.
In Figure 6, we present the distribution of galaxy mass,
B/T, , and Re of our sample. The B/T of the sample is uni-
formly distributed, so we expect relatively little sample bias
with galaxy morphology. Specifically, our sample includes
195 ellipticals, 336 lenticulars, and 295 spirals, of which 93%,
79%, and 27% are available for bulge kinematics. On the
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Figure 7. The relative errors in stellar kinematics for the whole galaxy (top), the bulge component (middle), and the disk component
(bottom). The relative errors increase at lower S/N and lower values of V and σ.
other hand, 38%, 70%, and 92% of respectively ellipticals,
lenticulars, and spirals are available for measuring disk kine-
matics. The bulge components in this study are expected to
be ‘classical’ bulges, and most of the ‘pseudo’ bulges are ex-
cluded by the sampling criteria. Only 23 bulges in this study
are from late-type galaxies with bulge Se´rsic index n < 1.5,
as obtained from the photometric bulge-disk decompositions
(Section 3.1). Note that our sample still includes 116 late-
type galaxies which are suspected to host ‘pseudo’ bulges
(bulge Se´rsic n < 1.5), but only 20% of them are available
to measure bulge kinematics due to the S/N limit.
5 RESULTS
5.1 Measurement of stellar kinematics
We measure the stellar kinematics of galaxies within 1Re
using the pPXF fitting with a single component. The stellar
kinematics of the bulge and disk components are also mea-
sured within each galaxy’s Re for direct comparison, but
using the pPXF fitting for two components. Spaxels have
been excluded from the measurement of a given component
when the S/N of that component is lower than 3 A˚−1 or
when V and σ of that component are greater than 400 and
600 km s−1, respectively. We present a comparison of the
mean χ2 distribution between single- and two-component
pPXF fitting in Appendix B. The rotation velocity (Vrot)
has been estimated using the velocity width (W ≡ V90−V10;
Catinella et al. 2005), which is the difference between the
90th and 10th percentile points of the histogram of the ro-
tation velocities within 1Re (see also Cortese et al. 2014 and
Barat et al. 2019). Then Vrot has been calculated as
Vrot ≡ W
2(1 + z) sin(i)
, (5)
where i is the inclination derived using the axial ratio (b/a):
cos(i) =
√
(b/a)2 − q20
1− q20
. (6)
We assumed the intrinsic flatness (q0) to be 0.2 for galaxies
with B/T < 0.4 and 0.6 for the others. We measured the
velocity dispersion (σe) as the flux-weighted mean of velocity
dispersions of spaxels within 1Re,
σ2e ≡
∑
i Fiσ
2
i∑
i Fi
, (7)
where σi and Fi are the velocity dispersion and the contin-
uum flux in each spaxel. Note that Fi for bulge and disk
components are relative fluxes derived using B/T. Our def-
inition of σe differs from the one measured using aperture
spectra which is an approximation to the second velocity mo-
ment. We exclude the impact of rotation velocity from our
σe to consider only dispersion components. Aperture correc-
tion has not been applied to our measurements because the
correction reduces the velocity dispersion by at most 1%.
Errors in the rotation velocity and velocity dispersion
(Verr and σerr) have been estimated with a Monte Carlo
method: we randomly generated Vrot and σ for each spaxel
based on the value and error from pPXF and obtained the
standard deviation in the derived measurements of Vrot and
σe from 100 repeats. The errors are typically a few km s
−1
and correlate with the S/N of each component (Figure 7).
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We present a comparison between the error estimates from
the Monte Carlo and noise-shuffling methods in Appendix C.
5.2 Tully-Fisher (M∗–Vrot) relation
The Tully-Fisher relation, a relatively tight correlation be-
tween stellar mass (or luminosity) and rotation velocity,
has been regarded as largely applying to late-type galaxies.
In Figure 8(a), we define the fiducial Tully-Fisher relation
(TF0.2) using single-component kinematic fits to late-type
galaxies with B/T < 0.2 which is fairly consistent with the
usual Tully-Fisher relation (M∗ ∝ V 2.5rot ):
log Vrot = 0.408 logM∗ − 2.230. (8)
We indeed find early-type galaxies with higher B/T have
single-component Vrot that are substantially scattered to-
ward lower values than the fiducial relation would predict
(see also Cortese et al. 2014; Oh et al. 2016; Aquino-Ort´iz
et al. 2018; Barat et al. 2019). Based on the decomposed
kinematics, we found a tight correlation between total M∗
and Vrot for disk components that is close to the fiducial re-
lation based on low B/T galaxies (though with a slight offset
to higher Vrot at given M∗). By contrast, bulge components
have much more scatter to low Vrot at given M∗ than the
fiducial relation.
We investigated the residual in Vrot in Figure 9(a) and
Table 1. The fiducial relation TF0.2 has been subtracted
from the measured log Vrot for the same stellar mass. The
magnitude of the residual in Vrot becomes larger as the
galaxy properties tend toward those of early types: galaxies
that are more massive, bulge-dominated, redder, and having
an earlier morphology deviate more from the fiducial rela-
tion. For example, early-type galaxies show a mean Vrot off-
set of −0.186 dex from TF0.2 (Table 1). On the other hand,
the disk components do not show a trend in the Vrot residual
with respect to any of these galaxy properties; even the disk
components from early-type galaxies (e.g. B/T > 0.4) show
nearly zero residuals (see also Table 1), implying that the
disk components of early-type galaxies share the same Tully-
Fisher relation as low B/T late-type galaxies. The Vrot of the
bulge components shows a significant offset from the fiducial
relation and a substantially larger scatter in Vrot. The bulge
components from late-type galaxies tend to show smaller
Vrot offsets from TF0.2 (mean offset of −0.154 dex) than
those from early type galaxies (mean offset of −0.280 dex),
implying that the bulges of late-type galaxies are more ro-
tationally supported than those of early-type galaxies.
The Tully-Fisher scaling relation between mass and ro-
tation velocity appears to apply to the rotating (i.e. disk)
component of all types of galaxies. An increasing bulge frac-
tion dilutes the relation, hiding it completely in early-type
galaxies until they are decomposed.
5.3 Faber-Jackson (M∗–σe) relation
A similar analysis has been applied to the Faber-Jackson
relation between stellar mass (or luminosity) and veloc-
ity dispersion (Figure 8(b)). The scatter in the Faber-
Jackson relation is less prominent than that from the Tully-
Fisher relation, even including late-type galaxies. The fidu-
cial Faber-Jackson relation (FJ0.8) has been defined using
bulge-dominated galaxies with B/T > 0.8 which is also com-
parable to the usual Faber-Jackson relation (M∗ ∝ σ3.5e ):
log σe = 0.285 logM∗ − 0.845. (9)
The Faber-Jackson relation of the bulge component is very
similar to the fiducial relation, although with a slight offset
to higher σe at fixed M∗. Remarkably, there is a well-defined
Faber-Jackson relation, almost parallel to FJ0.8, linking the
velocity dispersion of disk components to their galaxies’ stel-
lar masses, although the disk velocity dispersion at fixed M∗
is about a factor of 2 lower than the fiducial relation would
predict. The pressure-supported bulge components are ex-
pected to show a tight correlation between the stellar mass
and velocity dispersion, but it is surprising to find a sim-
ilarly tight Faber-Jackson relation for rotation-supported
disk components.
Although we excluded small galaxies (Re < 1.5 PSF
HWHM) from our sample, we might still expect some effect
of beam-smearing on our measurements of σe. However, in
Appendix D we investigate the impact of beam-smearing on
the Faber-Jackson relation of the disk components using an-
nular kinematic measurements (excluding the centre where
the beam-smearing is maximised) and find no substantive
difference to the results presented here. Also, we found con-
sistent results when we exclude components whose effective
radius (of either component) is smaller than 2 PSF HWHM,
which reduces the number of bulge components by 40% and
disk components by 3%.
As with the Tully-Fisher relation, any residual trend in
the Faber-Jackson relation with galaxy properties has dis-
appeared with the separation of bulge and disk kinematics.
In Figure 9(b) and Table 1, the residual in σe has been cal-
culated by subtracting the fiducial relation FJ0.8 from the
observed log σe for the same stellar mass. The magnitude of
the residual in σe becomes larger as the galaxy properties
tend toward those of late types: galaxies that are less mas-
sive, disk-dominated, bluer, and having a later morphology
deviate more from the fiducial relation. Bulge components
show a slightly larger σe (by 0.04 dex) than FJ0.8, while disk
components show smaller σe (by about 0.24 dex) than FJ0.8
(Table 1). When we separate early- and late-type galaxies,
we find that their disk components have statistically consis-
tent offsets and scatters (last column of Table 1). For bulges,
we find the scatters are consistent, but the offset for late-
type bulges is marginally less than that of the full sample
(−0.006±0.014 vs. 0.039±0.005, three standard deviations).
Neither component shows a clear dependence of the σe resid-
uals on any galaxy properties (Figure 9(b)). Note that 77%
of our sample have 10 . logM∗/M . 11, and therefore,
our results mainly hold for galaxies of intermediate stellar
mass.
5.4 The spin parameter λR and V/σ
The spin parameter λR has been widely measured from in-
tegral field spectroscopy to quantify the dominance of the
ordered or random motions in galaxies (e.g. Emsellem et al.
2007, 2011; Cappellari 2016; van de Sande et al. 2017b). We
have measured cumulative λR profiles using elliptical aper-
tures (with position angle and ellipticity  fixed at 1Re)
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Figure 8. The scaling relations with stellar mass: (a) the Tully-Fisher relation (logM∗–log Vrot) and (b) the Faber-Jackson relation
(logM∗–log σe) for the whole galaxy (top panels) and the bulge and disk components (bottom panels). Note that M∗ is total stellar
mass, not the mass of either component. Open circles indicate galaxies having a kinematic measurement for just one component and filled
circles show the 282 galaxies with measurements for both components. The fiducial relations for the Tully-Fisher relation (cyan line)
and the Faber-Jackson relation (orange line) have been derived, respectively, from the single-component fits for galaxies with B/T< 0.2
(cyan points) and B/T> 0.8 (orange points). The dashed and dotted lines show (respectively) the fit for bulge and disk components.
following Emsellem et al. (2007):
λR ≡ 〈R |V |〉〈
R
√
V 2 + σ2
〉 = ∑i FiRi |Vi|∑
i FiRi
√
V 2i + σ
2
i
, (10)
where Fi, Ri, Vi, and σi are, respectively, the (relative) con-
tinuum flux, radius, mean velocity, and velocity dispersion of
each spaxel. For direct comparison, the λR of the bulge and
disk components are also measured using the same apertures
as for whole galaxies.
We present the radial profile of λR for each component
in Figure 10. The λR increases as the aperture size increases,
with most of the increase occurring within 1Re for disks
and disk-dominated galaxies and within 2Re for bulges and
bulge-dominated galaxies. At a given radius with a unit of
galaxy’s Re, the λR values of the bulge and disk compo-
nents tend, respectively, toward the lower and higher ends of
the distribution. The difference between the bulge and disk
components in the λR is not only shown at a specific ra-
dius but at all radii, though the two distributions are rather
broad and have some overlap. Galaxies show a clear depen-
dence of λR on B/Te, whereas bulge and disk components
do not show any clear relationship between λR and B/Te.
In other words, the overall spin parameter of a galaxy is a
direct result of the relative dominance of the bulge or disk
component, while the spin parameter of the bulge and disk
components is largely independent of which dominates.
The magnitude of the difference in λR depends on B/Te.
Bulges from galaxies with high B/Te show small differ-
ences with galaxies in λR, whereas the discrepancy in λR
is large for bulges with low B/Te at a given radius (Fig-
ure 10(d)). Similarly, the discrepancy in λR between galax-
ies and disks becomes more significant at higher B/Te (Fig-
ure 10(e)). Disk components exhibit larger λR relative to
galaxies mainly because they have a lower velocity disper-
sion than galaxies, especially near the centre where galaxies
are dominated by bulge components.
As expected from the λR profile, the bulge and disk
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Figure 9. The residual trends in (a) the Tully-Fisher relation and (b) the Faber-Jackson relation as functions of galaxy stellar mass,
bulge fraction, colour, morphology, and ellipticity. The solid lines show the least-squares fit to the trend of the residuals with each galaxy
property; the dashed lines show the fiducial relations (cyan and orange lines in Figure 8). The slope from the least-squares fit is given in
each panel. For single-component galaxy kinematic measurements (top rows), both relations show highly significant residual correlations
with all galaxy properties, whereas, for two-component bulge and disk measurements (middle and bottom rows), neither relation shows
a highly significant residual correlation with any galaxy property (only the bulge Faber-Jackson relation with colour shows a marginally
significant trend).
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Table 1. Fits to the residuals from the Tully-Fisher and Faber-Jackson relations
Galaxy Bulge Disk
Tully-Fisher relation
Vrot offseta
All sample −0.116± 0.010 −0.260± 0.014 +0.016± 0.007
Early-type −0.186± 0.013 −0.280± 0.015 +0.004± 0.009
Late-type +0.007± 0.011 −0.154± 0.031 +0.034± 0.009
Vrot scatterb
All sample 0.125± 0.007 0.171± 0.009 0.070± 0.005
Early-type 0.121± 0.009 0.166± 0.009 0.069± 0.006
Late-type 0.072± 0.008 0.137± 0.019 0.061± 0.006
Faber-Jackson relation
σe offsetc
All sample −0.073± 0.005 +0.039± 0.005 −0.238± 0.005
Early-type −0.034± 0.005 +0.046± 0.005 −0.227± 0.007
Late-type −0.149± 0.006 −0.006± 0.014 −0.244± 0.008
σe scatterd
All sample 0.074± 0.003 0.058± 0.003 0.061± 0.003
Early-type 0.066± 0.003 0.055± 0.003 0.063± 0.005
Late-type 0.057± 0.004 0.053± 0.009 0.057± 0.005
a The median of (log Vrot−TF0.2)
b The median absolute deviation from (log Vrot−TF0.2 − Vrot offset)
c The median of (log σe−FJ0.8)
d The median absolute deviation from (log σe−FJ0.8 − σe offset)
components show a clear separation in λRe and V/σ (Fig-
ure 11). The V/σ was measured as the flux-weighted mean
within 1Re following Cappellari et al. (2007):(
V
σ
)2
≡ 〈V
2〉
〈σ2〉 =
∑
i FiV
2
i∑
i Fiσ
2
i
. (11)
The figure only shows the 282 galaxies with enough S/N to
measure the kinematics of both components satisfying our
sampling criterion (Section 4.2). Our sample galaxies show
a broad range in λRe and V/σ. On the other hand, the bulge
and disk components show, respectively, low and high values
in λRe and V/σ; moreover, the λRe and V/σ distributions of
the two components are well separated with little overlap.
Note that the 282 galaxies in this analysis mostly have 10 .
logM∗/M . 11 and 0.3 . B/T . 0.7 (Figure 6). The λRe
and V/σ distributions of galaxies become broader, but both
bulge and disk components show similar distributions when
including all 826 galaxies.
The λRe– plane is often used as a diagnostic for fast
and slow rotators (Emsellem et al. 2011). Most early-type
galaxies are fast rotators, implying they have significant ro-
tating components (e.g. Emsellem et al. 2007, 2011; Cappel-
lari et al. 2007; Krajnovic´ et al. 2013; van de Sande et al.
2017b). We present the λRe– distributions for galaxies and
the bulge and disk components in Figure 12. Note that λRe
for the bulge and disk components is measured at a radius
of 1Re for the galaxy as a whole to facilitate direct com-
parisons; likewise,  from the galaxy is used for both com-
ponents. Our sample, spanning a variety of galaxy types,
is also dominated by fast rotators (87%, 720/826) based on
the demarcation line λRe = 0.31
√
 (Figure 12(a); Emsellem
et al. 2011). On the other hand, 62% (326/527) of the bulge
components are classified as slow rotators, and the others
are also found close to the demarcation line (Figure 12(b)).
We found only one galaxy whose disk component has λRe
below the demarcation line.
In Figure 13, we present the λRe– distribution for early-
and late-type galaxies. For the bulge (disk) components,
λRe is measured within the effective radius of the best-fit
bulge (disk) model. Note that the use of Re of each compo-
nent gives more galaxies with kinematics for both compo-
nents: 664 and 633 are available for measuring bulge and disk
components (respectively), and 468 galaxies have kinemat-
ics available for both components. We find 58% (384/664)
of bulges from all morphological types are classified as slow
rotators using λRe measured at Re of the bulge component
(Figure 13(a)). Early- and late-type galaxies show broadly
similar distributions of the bulge and disk components in the
λRe– plane. However, we do detect different kinematic be-
haviours of bulge components between early- and late-type
galaxies, with bulges from late-type galaxies spread toward
higher λRe and . Accordingly, we find that 63% and 43%
of bulges from early- and late-type galaxies are classified as
slow rotators, suggesting more bulges from late-type galax-
ies are rotationally supported than those from early-type
galaxies. This result is consistent with our finding of a higher
mean rotation velocity in late-type bulges (Table 1).
The separation of the two components in the λRe–
plane is also reported by Tabor et al. (2019), based on a
similar method but using early-type galaxies from MaNGA
IFS data. Considering the similarity in the data, method
and sample, it is possible to directly compare Figure 13(b) to
Figure 6 of Tabor et al. (2019). Both studies found that bulge
components have low λRe and  indicating they are pressure-
supported systems, though we detect a slightly higher frac-
tion of fast-rotating bulges compared to their study. How-
ever, we also found a noticeable difference in the λRe– dis-
tribution of disk components between the two studies: disk
components are more elongated (higher ) and rotationally-
supported (higher λRe) in this study compared to that of
Tabor et al. (2019). The majority of disk components from
Tabor et al. (2019) are located between the demarcation
line and the theoretical line for an intrinsic ellipticity of 0.4,
whereas our disk components are mostly located above the
theoretical line for an intrinsic ellipticity of 0.75.
We found two main reasons for the discrepancy in disk
λRe . First, the kinematic map of the disk component from
Tabor et al. (2019) does not include central spaxels where
the bulge fraction is mostly higher than 0.7. In contrast,
most of our disk components from early-type galaxies still
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Figure 10. λR profiles for (a) galaxies, (b) bulge components,
and (c) disk components, and the log of the ratio of the λR profile
with respect to the whole galaxy of the (d) bulge components
and (e) disk components. Galaxies show a clear dependence of
λR profile on B/Te. The λR profiles of galaxies with low and
high B/Te show more discrepancy relative to the λR profiles of
the bulge and disk components respectively.
have kinematic values in central spaxels (see Figure A1).
Therefore, disk λRe from Tabor et al. (2019) will be biased
towards the value in outer bins. This still does not explain
the lower λRe of their disk component, because the λRe mea-
sured excluding central spaxels will generally be higher than
that including central spaxels, due to the rapid increase in
λRe within 1Re (e.g. Figure 10). Instead, we believe the rea-
son for the discrepancy arises from the use of binned data.
The use of binned data by Tabor et al. (2019) makes their
velocity dispersion (σbin) an over-estimate relative to indi-
vidual spaxels, as the velocity gradient ∆V can be substan-
Figure 11. The distribution of λRe and V/σ for 282 galaxies with
both bulge and disk components. Black, red and blue histograms
show, respectively, galaxies and their bulge and disk components;
the dashed lines show the median of each distribution.
tial for larger bins and σbin ∼
√
(∆V )2 + σ2. Thus σbin can
be a significant over-estimate of σ for disk components with
large velocity gradients in outer bins with large sizes.
Our λR measurements are not corrected for seeing. Har-
borne et al. (2019) tested the effect of seeing on the observed
λR using mock IFS observations, and reported that in the
typical SAMI seeing conditions λR decreases by as much
∼ 0.05 − 0.2 across the range of galaxy types relative to
the value without spatial blurring. Therefore, our λR is thus
a lower limit on the intrinsic λR under the seeing condi-
tion. However, the predicted amount of the correction in
λR suggests that spatial blurring cannot generate the clear
separation into two components in the λR distribution.
Both bulge and disk components share the same po-
tential within galaxies and so all the components are
expected to show the same second order velocity mo-
ments (Vrms ≡
√
V 2rot + σ
2
e ). The relative differences
(Vrms,component/Vrms,galaxy) are, respectively, +1% and -3%
for bulge and disk components. Again, this suggests the sep-
aration in λR and V/σ of two components is less likely to be
an artefact of the decomposition.
Detailed studies show that individual galaxies have
complex star-formation and assembly histories, with several
stellar-population and kinematic components, correspond-
ing to various star-formation and accretion events (e.g. Bond
et al. 2010; Zhu et al. 2018; Poci et al. 2019). However,
our relatively simple kinematic bulge-disk decomposition
conveniently captures the properties of the various compo-
nents, by grouping together dissipative episodes (e.g. star-
formation following gas-rich mergers/accretion) and dissipa-
tionless episodes (e.g. gas-poor mergers/accretion) and pro-
vides evidence in support of distinct kinematics produced
by these two channels.
Although we find observational evidence for distinct
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Figure 12. The λRe– distribution for (a) galaxies (black),
(b) the bulge (red) and disk (blue) components. The spin pa-
rameter λRe for both components is also measured at 1Re for
the galaxy as a whole; likewise,  from the galaxy is used for both
components. Open circles are galaxies with a kinematic measure-
ment for just one component, and filled circles are the 282 galaxies
with measurements for both components. The black curve corre-
sponds to λRe = 0.31
√
, which is often used to separate fast
and slow rotators (Emsellem et al. 2011). The green curve shows
the theoretical expectation for the edge-on view of axisymmetric
galaxies with β = 0.7int, where int is the intrinsic ellipticity
(Cappellari et al. 2007). The orange dashed curves correspond
to the locii of galaxies with different intrinsic ellipticities int =
0.35–0.95 in steps of 0.1 (Emsellem et al. 2011).
kinematics between bulge and disk components, this has
not been confirmed by dynamical modelling. Previous stud-
ies reported that the kinematics of fast-rotating early-type
galaxies (i.e. lenticulars) are well reproduced using a sin-
gle dynamical model suggesting similar anisotropies in bulge
and disk components. Tabor et al. (2019) tested the Jeans
Anisotropic Modelling method (JAM; Cappellari 2008) with
two components and could not find statistically significant
improvement in the model having two distinct kinematics.
The significance of our empirical decomposition requires dy-
namical modelling to be properly understood.
6 DISCUSSION
6.1 Bulge fraction determines galaxy kinematics
The results in Section 5 indicate that the bulge and disk
components have distinct kinematics. Although galaxies
show a variation in kinematics according to galaxy types
(e.g. morphology, B/T), each component shows relatively
similar kinematics regardless of galaxy types. Then, can the
combination of two distinct components explain the depen-
dence of the galaxy kinematics on galaxy types? The fraction
Figure 13. The λRe– distribution for the bulge (red) and disk
(blue) components from (a) all morphological type, (b) early-type,
and (c) late-type galaxies. The spin parameter λRe for both com-
ponents is measured at 1Re for each component; likewise,  from
each component is used. Note that the use of Re of each com-
ponent allows us to have more galaxies available for measuring
kinematics of both components. Out of the 826 sample galaxies,
664 and 633 are available for measuring bulge and disk compo-
nents (respectively); 468 galaxies have kinematics available for
both components (filled circles). The details of theoretical lines
are the same as described in Figure 12.
of the bulge (or disk) component well quantifies the types of
galaxies, and therefore, can be used to test the importance of
the proportion of two components in generating the galaxy
kinematics.
We reconstructed the kinematics of galaxies as the flux-
weighted sum of two decomposed kinematics using B/Te:
Vrec ≡ B/Te × Vrot,bulge + (1−B/Te)× Vrot,disk, (12)
σ2rec ≡ B/Te × σ2e,bulge + (1−B/Te)× σ2e,disk. (13)
The reconstructed Vrec and σrec have similar values to mea-
sured quantities (Figure 14). The σrec agrees well with
σe,galaxy with a 10% uncertainty. The observed and re-
constructed velocities are also in agreement within a 20%
uncertainty, and the difference between the Vrot,galaxy and
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Vrec is large in galaxies with low levels of rotations (e.g.
Vrot,galaxy < 50 km s
−1). The Vrot,galaxy in this study is not
measured as a flux-weighted value (Equation 5), unlike the
velocity dispersion (Equation 7), which may cause the larger
uncertainty in Vrec.
Moreover, the measurement error becomes significantly
larger when the rotation velocity is small (Figure 7), which
also produces the large difference in the rotation velocity
at low levels. The agreement between the reconstructed and
measured kinematics suggests that galaxy kinematics can
be analytically described by the combination of two distinct
components. The dependence of galaxy kinematics to galaxy
types can also be explained by the increasing fraction of the
bulge component in earlier morphology.
One may think that Equations 12 and 13 are directly re-
lated to the decomposition procedure of pPXF (Section 3.2).
However, this analysis is valid for the aperture kinematics
which is expected to follow the global potential and where
the net rotation velocities of both components are expected
to be zero. The σrec is not always comparable to σgalaxy in in-
dividual spaxels because σgalaxy cannot be approximated as
a simple sum of two Gaussians especially when two compo-
nents have different rotation velocities. We have tested this
using all the spaxels from 282 galaxies which are available for
measuring both bulge and disk kinematics. When the veloc-
ity difference of two components is less than 30 km s−1 the
median σrec/σgalaxy is 1.1, and the median σrec/σrot,galaxy
continuously decreases as the velocity difference increases.
The median values of σrec/σrot,galaxy are, respectively, 0.96
and 0.83 for the velocity differences of 100 and 150 km s−1.
6.2 Intrinsic shape of bulges and disks
The intrinsic (edge-on) ellipticity (int) has been estimated
using the observed V/σ and  based on the theoretical
prediction of intrinsic shape for varying inclination under
the assumption of rotating oblate system (Binney 2005).
Cappellari (2007) has shown that intrinsic ellipticity corre-
lates with the anisotropy parameter using early-type galax-
ies from the SAURON IFS survey (de Zeeuw et al. 2002).
Cappellari et al. (2016) presented the relationship between
the intrinsic and observed ellipticity:
 = 1−
√
1 + int(int − 2) sin2 i. (14)
The observed V/σ with an inclination i can be corrected to
the intrinsic (V/σ)int for an edge-on (i = 90
◦) view (Binney
& Tremaine 1987):(
V
σ
)
=
(
V
σ
)
int
sin i√
1− δ cos2 i , (15)
where δ is an approximation to the anisotropy parameter β
such as δ ≈ β = 0.7int. For each component, we generated
a grid with varying int and i. Then, we calculated corre-
sponding  and V/σ for each int and i using Equations 14
and 15. The int has been derived from the grid which has
the best matched  and V/σ to the observation. Note that
V/σ for the bulge and disk components are measured using
Re, PA, and  of each component in this section, whereas all
kinematic measurements in the other sections except for this
section and Figure 13 used the structural parameters from
Figure 14. A comparison of the reconstructed and observed ro-
tation velocities (top) and velocity dispersions (bottom). The me-
dian (dashed line) and standard deviation of the ratio of recon-
structed to observed values are shown in each panel. Note that
galaxies with Vrot,galaxy < 50 km s
−1 (denoted by open circles)
are excluded from the statistics for the top panel. The observed
and reconstructed quantities are in agreement to within about
5% in the median in both cases, with 20% and 10% uncertainties,
respectively, in Vrot and σe.
galaxies. Measuring V/σ at the effective radius of each com-
ponent gives more galaxies with kinematics for both com-
ponents: 664 and 633 are available for measuring bulge and
disk components (respectively), and 468 galaxies have kine-
matics available for both components. On the other hand,
the above method is not valid for slowly rotating bulges
(e.g. below the green line in Figure 13) because they are
not oblate rotators. In that instance, we adopt int =  as
our best estimate of the intrinsic ellipticity (although it is
strictly a lower limit).
We present the distribution of observed and intrinsic
ellipticity in Figure 15. Our sample galaxies have a broad
range of . The distributions of  for the bulge and disk com-
ponents are slightly skewed towards low and high values in
, respectively, but also show a wide range. The distribution
of int differs from that of , especially for galaxies and disk
components. The correction for the inclination is large in the
ellipticity of galaxies, and the distribution of int is highly
skewed towards high values (see also van de Sande et al.
2018). In general, disk components show a high int with a
median value of 0.88, confirming that disk components are
intrinsically flattened systems and have a small variation in
flattening. The median int of bulge components (0.34) shows
a similar value to that of slow rotators (0.37) presented in
Weijmans et al. (2014). We do not find a difference between
 and int in bulge components because many bulges have a
lower V/σ than the intrinsic one expected for oblate rotators
at a given , and int and  have the same value assuming
i = 90
◦
. The distribution of int also supports that the bulge
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Figure 15. The distributions of apparent ellipticity (; top) and
intrinsic ellipticity (int; bottom). Black, red and blue histograms
show, respectively, galaxies and their bulge and disk components;
the dashed lines show the median of each distribution. The yel-
low histogram shows a subsample of bulge components that have
higher V/σ than that expected for oblate rotators in edge-on view
(e.g. the green line in Figure 13), and their int is estimated as
described in the text. The change in going from  to int is sub-
stantial for galaxies and their disk components.
and disk components have distinct dynamical and structural
features.
We also present the distribution of ellipticity for a sub-
sample of bulge components whose observed V/σ is above
the theoretical expectation for the edge-on view of oblate
rotators (e.g. the green line in Figure 13), and their int is
estimated as following the above method. The int of the
subsample is spread over a wide range, generating a tail in
the distribution of bulge int toward higher value. We still
find a distinct int distribution for the subsample compared
to that from disk components.
6.3 Uncertainty in fbulge
The method described in Section 3 depends strongly on
the relative weight of the two components. Our kinematic
measurements therefore reflect the uncertainty in photo-
metric decomposition. Estimating realistic uncertainties in
fbulge is difficult due to various factors (e.g. inclination,
bar/spiral/ring structures, and mergers). We examined the
impact of bar structures in our results because there is
the possibility of significantly over-estimating bulge light
for strongly-barred galaxies. We visually inspected the 295
galaxies in the late-type sample and identified 56 (strongly)
barred galaxies, of which 16 galaxies are available for mea-
suring bulge kinematics at Re for the galaxy as a whole.
Barred galaxies, therefore, are rare in our bulge kinematics.
We examined the location of barred galaxies in the scaling
relations and the λRe– plane and found that barred galax-
ies show similar Vrot, σe, and λRe compared to the rest of
the sample. Therefore our results are expected to be stable,
considering the small number of barred galaxies in our sam-
ple and the small impact of bar structures in Vrot, σe, and
λRe .
We also estimated uncertainties in Vrot and σe assuming
conservative uncertainties in fbulge (±10%). For 75 high-S/N
SAMI galaxies that are available for measuring both bulge
and disk kinematics, we applied the same method described
in Section 3.2 with fbulge ± 0.1. When we forced fbulge to
be lower than the original value by 0.1, we found 15% and
8% decreases, respectively, in bulge and disk Vrot, together
with 5% and 9% increases, respectively, in bulge and disk
σe. When we forced fbulge to be higher than the original
value by 0.1, we found 15% and 6% increases, respectively,
in bulge and disk Vrot, together with 5% and 10% decreases,
respectively, in bulge and disk σe. This indicates conserva-
tive uncertainties in our Vrot and σe measurements, when
changing the bulge fraction. This suggests the uncertainty in
fbulge does not tend to make the two components more kine-
matically distinct. Nevertheless, the uncertainly in fbulge is
expected to add an extra scatter in the kinematics of two
components, which can be reflected in the scatter of the
scaling relations.
7 CONCLUSION AND SUMMARY
We investigate the kinematics of 826 galaxies from the SAMI
Galaxy Survey which have been selected based on the stel-
lar mass, size, and S/N (Section 4.2). Our sample includes
295 late-type galaxies, of which 116 have bulge Se´rsic n
lower than 1.5. Only 23 of the 116 late-types are available
to measure bulge kinematics, so that our results mainly de-
scribe the kinematic behaviour of ‘classical’ bulges. We spec-
troscopically decomposed bulge and disk kinematics using
photometrically-defined flux weights. The rotation velocity
and velocity dispersion of two components have been simul-
taneously estimated for each spaxel using pPXF with a new
subroutine to overcome the degeneracy in χ2 and trace a
physically plausible solution.
The Faber-Jackson and Tully-Fisher relations indicate
that Vrot and σe of both bulge and disk components scale
with the stellar mass. As expected, disk components fol-
low the Tully-Fisher relation well for the low-B/T galaxies
(B/T < 0.2), and bulge components have a similar Faber-
Jackson relation to the high-B/T galaxies (B/T > 0.8).
Therefore, two scaling relations stem from either the rota-
tion (disk) or dispersion (bulge)-dominated components of
galaxies. We also detected a tight correlation between the
stellar mass and the velocity dispersion of the disk compo-
nent.
The sample galaxies with various bulge fractions show
a large scatter in the scaling relations. Moreover, the mag-
nitudes of residuals from the scaling relations correlate with
galaxy types (e.g. morphology and B/T). Galaxies with a
higher B/T are more scattered from the Tully-Fisher rela-
tion, and galaxies with a low B/T mainly cause the scatter
in the Faber-Jackson relation. On the other hand, the kine-
matics of the bulge and disk components scale well with the
stellar mass and do not show a residual trend with galaxy
types. Therefore, the scaling relations do not apply to a par-
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ticular type of galaxy, but rather describe a general scaling
of either the rotation- or dispersion-dominated component of
galaxies. The dominance of one component in the low-B/T
or high-B/T galaxies promotes following either the Tully-
Fisher relation or the Faber-Jackson relation.
According to our results, bulge and disk components are
kinematically distinct, and the weights of two components
seem to take a major role in determining the kinematics of
galaxies. It has been reported that the spin parameter λR
correlates with galaxy properties, such as mass and age (e.g.
van de Sande et al. 2018). We also found a negative corre-
lation between the λR of galaxies and the bulge fraction.
Bulge and disk components exhibit well-separated distribu-
tions in λRe and V/σ suggesting that bulges are dispersion-
dominated, and disks are supported by rotation. Moreover,
the λR of two components does not show a clear connection
to the B/T. Our results show that the diverse kinematic
behaviour of galaxies can be explained (at least to first or-
der) as relative contributions of disk and bulge components.
We were also able to reproduce the kinematics of galaxies
based on the weights and decomposed kinematics of the two
components. Our results support the interpretation of the
kinematics of galaxies as the combination of two distinct
kinematic components, with the overall properties mainly
determined by the relative weights of these components.
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APPENDIX A: SAMPLE KINEMATIC MAPS
In Figures A1 and A2, we present sample kinematic maps
for various galaxy types.
APPENDIX B: THE DISTRIBUTION OF χ2
We have obtained reduced χ2 from pPXF for each spaxel
and calculated the mean reduced χ2 (χ2) within 1Re using
spaxels whose S/N is greater than 3 A˚ to get the representa-
tive value for each galaxy. In Figure B1, we present the dis-
tribution of χ2 fitting single- (χ2single) and two-component
(χ2two) models using pPXF. The χ
2 values from both single-
and two-component fits are nearly 1 because the input noise
has been normalised based on the residual (see Section 3.2).
Note that the normalisation factor has been decided for each
spectrum and is the same for both single and two compo-
nents fit. Although the difference is marginal (partially) due
to the normalisation, the χ2 from the pPXF fitting using
two components tends to be lower than that using a single
component.
APPENDIX C: ERROR ESTIMATION FROM
NOISE SHUFFLING
The SAMI survey team has so far estimated the error for
stellar kinematics by simulating 150 mock cubes with shuf-
fled noise for each galaxy (van de Sande et al. 2017b). This
method gives more realistic errors than using errors from
pPXF, however, running pPXF for decomposing two kine-
matics requires roughly ten times longer computing time,
which discourages us from using the noise shuffling method
for estimating errors. Instead, we have applied the method
for 15 galaxies with various stellar masses and S/N to exam-
ine the bias on the errors from pPXF using the Monte Carlo
simulation. We generated hundreds of mock cubes for each
galaxy by shuffling residuals between the best fit model and
the observed spectra. For each spaxel, the noise has been
randomly shuffled within a ∼400 A˚ window to ensure that
the noise signature in mock cubes is comparable to that of
the original spectra over the wavelength. Then, we ran pPXF
and calculated the standard deviation for the kinematics of
hundred mock cubes.
In Figure C1, we compare the relative errors in the kine-
matics measured within 1Re from the Monte Carlo (Sec-
tion 5.1) and the noise shuffling methods. The Monte Carlo
c© 2019 RAS, MNRAS 000, 1–21
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Figure A1. Sample kinematic maps of early-type galaxies: (a) the r-band image; (b) galaxy Vrot; (c) galaxy σe; (d) bulge model; (e)
bulge Vrot; (f) bulge σe; (g) disk model; (h) disk Vrot; and (i) disk σe. Images and models are presented in log scale. All velocities are
presented in a range between -120 and 120 km s−1, and all velocity dispersions are shown in the range between 0 and 200 km s−1. The
galaxies are ordered by B/T. A ‘prohibited’ symbol () is shown at top-left when the component is not included in our sample.
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Figure A2. Sample kinematic maps of late-type galaxies. Details are the same as described in Figure A1.
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Figure B1. The distribution of the mean reduced χ2 (χ2) from
single- and two-component pPXF fitting.
Figure C1. The relative difference in errors of the kinematics be-
tween Monte Carlo (Verr,M and σerr,M) and noise shuffling (Verr,S
and σerr,S) methods. Dashed and dotted lines show, respectively,
the median difference in the errors for the bulge and disk kine-
matics.
method tends to underestimate the error in rotation veloc-
ity compared to the noise shuffling method by 2% for the
bulge and 1% for the disk components. Also, we found some
outliers when stellar mass or S/N is low. Both methods yield
similar errors in velocity dispersion. Therefore, we conclude
that the error estimated from the Monte Carlo simulation
used in this study is comparable to that based on noise shuf-
fling.
APPENDIX D: ANNULAR KINEMATICS
The impact of beam smearing on the measured velocity dis-
persion is maximised when the relative size of the galaxy is
small compared to the PSF and when the velocity gradient
is large (e.g. Johnson et al. 2017; Harborne et al. 2019). The
velocity dispersion in this study has been cumulatively mea-
sured within 1Re, and therefore, there is a possibility that
our measurement of velocity dispersion has been affected
by beam smearing. The impact of beam smearing rapidly
increase toward the centre of galaxies, and the velocity dis-
Figure D1. The Tully-Fisher and Faber-Jackson relations using
annular kinematics (Vrot,ann and σann) measured within 0.85 <
Re < 1.15. Details are the same as described in Figure 8.
persion measured within an annulus excluding the centre of
galaxies can reduce the impact of beam smearing.
We present the Tully-Fisher and Faber-Jackson rela-
tions using annular kinematics (Vrot,ann and σann) mea-
sured within 0.85 < Re < 1.15 in Figure D1. Although the
slopes of the scaling relations are slightly changed, the over-
all trends are the same to the scaling relations based on the
cumulatively measured kinematics (Figure 8). Moreover, we
still find a correlation between the stellar mass and the ve-
locity dispersion in the disk components even using annular
kinematics. In Figure D2, we present the Faber-Jackson rela-
tions of the bulge and disk components for different apparent
galaxy sizes. For both the bulge and disk components, the
Faber-Jackson relation still holds in galaxies larger than four
times the PSF. Also, we found the Faber-Jackson relation
holds for the disk components of galaxies with a small ve-
locity gradient within 1Re (∇Vrot,disk) in Figure D3. There-
fore, we conclude that the Faber-Jackson relation in the disk
components is not due to beam smearing.
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Figure D2. The Faber-Jackson relation of the bulge (red) and
disk (blue) components using annular kinematics for various
galaxy sizes. Details are the same as described in Figure 8(b).
Figure D3. The Faber-Jackson relation of the disk compo-
nents using annular kinematics for different gradients in Vrot,disk
(∇Vrot,disk) within 1Re. Details are the same as described in
Figure 8(b).
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